Pelvic organ prolapse (POP) is a common condition affecting almost half of women over the age of 50. The molecular and cellular mechanisms underlying this condition, however, remain poorly understood. Here we have reported that fibulin-5, an integrin-binding matricellular protein that is essential for elastic fiber assembly, regulated the activity of MMP-9 to maintain integrity of the vaginal wall and prevented development of POP. In murine vaginal stromal cells, fibulin-5 inhibited the β 1 integrin-dependent, fibronectin-mediated upregulation of MMP-9. Mice in which the integrin-binding motif was mutated to an integrin-disrupting motif (Fbln5 RGE/RGE ) exhibited upregulation of MMP-9 in vaginal tissues. In contrast to fibulin-5 knockouts (Fbln5 -/-), Fbln5 RGE/RGE mice were able to form intact elastic fibers and did not exhibit POP. However, treatment of mice with β-aminopropionitrile (BAPN), an inhibitor of matrix cross-linking enzymes, induced subclinical POP. Conversely, deletion of Mmp9 in Fbln5 -/-mice significantly attenuated POP by increasing elastic fiber density and improving collagen fibrils. Vaginal tissue samples from pre-and postmenopausal women with POP also displayed significantly increased levels of MMP-9. These results suggest that POP is an acquired disorder of extracellular matrix and that therapies targeting matrix proteases may be successful for preventing or ameliorating POP in women.
Introduction
Pelvic organ prolapse (POP) is characterized by abnormal protrusion of female pelvic organs involving the uterus, bladder, and vagina (reviewed in refs. [1] [2] [3] . Epidemiologic studies indicate that (a) vaginal birth, aging, and increased body mass index are major risk factors for the development of POP and (b) more than 1 pathology may be involved to exhibit full anatomical loss of support. Although approximately 11% of women have surgery for POP or urinary incontinence in their lifetimes (4) , to date, effective therapies to prevent progression of POP have not been established, thereby imposing profound social and financial burden to affected individuals (3) .
Despite a difference in anatomical position of pelvic organs relative to the body axis and pelvic floor, rodent models of POP have provided important tools to study underlying mechanisms of prolapse. In contrast to an observation that rectal prolapse is frequently associated with the presence of chronic inflammatory bowel disease (5) , POP has been found in animals with defective ECM proteins, including fibulin-3, fibulin-5, and lysyl oxidaselike-1 (LOXL-1) (an enzyme that predominantly catalyzes crosslinking of elastin) (6) (7) (8) . Interestingly, these proteins are abundantly expressed in the vaginal wall and involved in synthesis and assembly of elastic fibers. It is also known that uterosacral ligaments support the vaginal wall and that Hoxa11 is essential for formation of uterosacral ligaments in mice (9) . Hoxa11-deficient mice exhibit increased mobility of the uterus; however, POP was not reported. Hence, it has been proposed that intact elastic fibers are required for maintenance of vaginal wall support. The specific role of elastic fibers in this process is not clear; however, because upregulation of matrix proteases in the vaginal wall either precedes or coincides with POP in these mice with elastic fiber deficiencies, a potential link between elastic fibers, matrix degradation, and development of POP is suggested (10) . The precise mechanisms that regulate matrix proteases in the vaginal wall, whether or not a tissue-specific mechanism exists, and how these mechanisms affect the integrity of the vaginal wall have not been fully elucidated.
Fibulins are a family of matricellular modular proteins characterized by the presence of repeated calcium-binding EGF-like motifs and a C-terminal fibulin domain and are involved in structural stability of the basement membrane and formation of elastic fibers (reviewed in refs. 11 and 12) . Among fibulins, fibulin-5 possesses potent elastogenic functions (reviewed in ref. 13 ). It was suggested that fibulin-5 organizes elastic fiber assembly machinery on microfibrillar scaffolds by serving as an adaptor protein to structural components of elastic fibers and cross-linking enzymes, including elastin, fibrillin-1, emilin-1, and LOXL-1 (8, (14) (15) (16) (17) (18) (19) . Systemic elastic fiber phenotypes are evident early in life in Fbln5 -/-mice without overt inflammatory cell infiltration, suggesting that the underlying defect is primarily a developmental defect in elastogenesis rather than a progressive destruction of elastic fibers (14) . Interestingly, however, the POP phenotype in Fbln5 -/-mice is not observed until after puberty and is preceded by substantial upregulation of MMP-9 in the vaginal wall (10) . In addition, delayed manifestation and progressive worsening of the POP phenotype correlate with aging (7).
Fibulin-5 contains a motif that is not shared by other fibulins: an evolutionally conserved arginine-glycine-aspartic acid (RGD) sequence known to mediate binding to cell surface integrin receptors (20) . Binding of the RGD-containing ECM proteins to integrins transmits environmental cues to cells, which activates intracellular signaling and induces cytoskeletal changes, as well as upregulates metalloproteases (ref. 21 , reviewed in ref. 22 , and ref. 23 ). The RGD in fibulin-5 has been previously shown to facilitate adhesion of endothelial cells and inhibit transcription of MMP-7 in breast cancer cells (24, 25) . We have also shown that the RGD-dependent fibulin-5-integrin interaction controls pancreas tumor growth by regulating ROS production and tumor angiogenesis (26) . Although it is initially speculated that the binding of fibulin-5 to integrins is necessary for tethering of newly synthesized elastic fibers to surrounding cells, the exact role of the RGD motif in elastic fiber assembly has not been elucidated. Therefore, we sought to determine the biological function of the RGD motif of fibulin-5, focusing on pathogenesis of POP. We hypothesized that disruption of the RGD motif would result in impaired elastic fiber assembly and dysregulation of MMP-9 in connective tissues of the pelvic floor.
Here, we demonstrate a dual role of fibulin-5 in regulation of matrix homeostasis in the vaginal wall. First, we show that fibulin-5 facilitates assembly of elastic fibers independent of integrins and that this fibulin-5-mediated elastogenesis is crucial for pelvic organ support. Second, we present evidence that fibulin-5 inhibits MMP-9 in an integrin-dependent manner. This function of fibulin-5 is important in the pathogenesis of POP because abnormal elastic fibers alone, without MMP-9 activation, are insufficient for full manifestation of the disease. Thus, fibulin-5 strengthens the vaginal wall and protects from prolapse development. Our finding that genetic ablation of MMP-9 significantly attenuated progression of POP in vivo provides the foundation for development of novel preventative and therapeutic strategies for POP in women.
Results

Generation and characterization of Fbln5 RGE/RGE knockin mice.
To test the hypothesis that RGD-dependent fibulin-5-integrin interaction is required for assembly and organization of elastic fibers in vivo, we generated a mouse carrying homozygous alleles of mutant Fbln5 in which the RGD motif in exon 4 was replaced with an inactive RGE (D56E, Fbln5 RGE ) by homologous recombination (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI45636DS1). Two ES cell clones were obtained, which gave germline transmission; and homozygous mice were born with the expected Mendelian frequency. The transcript levels from D56E alleles were comparable to those from WT alleles (Figure 1A) , and sequencing of reverse transcribed mRNA from kidney confirmed that correct mutation was achieved in Fbln5 RGE/RGE mice ( Figure 1B) . We also confirmed that protein levels were comparable between WT and Fbln5 RGE/RGE mice by Western blot analysis using kidney extracts ( Figure 1C) . Surprisingly, elastic fibers were normal in the aorta, skin, lungs, and coronary arteries by histological analysis (Supplemental Figure 2A) . Electron microscopic analysis of the aorta at P5 and P90 showed normal elastic laminae and well-formed connections between elastic fibers and smooth muscle cells in Fbln5 RGE/RGE mice (Supplemental Figure 2B) . Biochemical analysis of desmosine, an elastin-specific cross-link, in the skin, aorta, and lung showed comparable levels between WT and Fbln5 RGE/RGE mutant mice (Supplemental Figure 2C) .
Fbln5 RGE/RGE knockin mice rescue the POP phenotype. Fbln5 RGE/RGE mice were healthy and indistinguishable from WT littermates. Fertility and fecundity appeared normal. Importantly, prolapse was not observed in Fbln5 RGE/RGE knockin mice (~200 females), and aging up to 1 year or repeated vaginal deliveries did not induce the prolapse phenotype. Next, we used immunohistochemistry to localize expression and distribution of fibulin-5 in the vaginal wall of Fbln5 RGE/RGE mice at 6 weeks of age. Fibulin-5 was localized to the stroma of the vaginal wall connective tissues and around vessel walls in both WT and Fbln5 RGE/RGE vagina but not in the Fbln5 -/-vagina ( Figure 1D ). H&E staining showed similar tissue architecture in all genotypes ( Figure 1E ). Hart's staining revealed long elastic fibers extending perpendicularly from the lamina propria branching in a candelabra-like pattern immediately beneath the basal layer of the vaginal epithelium in both WT and Fbln5 RGE/RGE mice ( Figure 1E ). In contrast, elastic fibers were short, thick and tortuous and without branching in vaginal tissues from young Fbln5 -/-mice. Masson's trichrome staining showed normal collagen fibers in Fbln5 RGE/RGE vagina ( Figure 1E ). These data indicate that RGD-dependent integrin binding of fibulin-5 is not required for elastic fiber formation in vivo. Further, generation of mice with mutated fibulin-5 results in rescue of the prolapse phenotype.
MMP-9 is increased in vaginal tissues from Fbln5 -/-and Fbln5 RGE/RGE mice. Previously, we reported that POP does not develop until later in life in Fbln5 -/-mice and is preceded by increased MMP-9 in the vaginal wall (7, 10) . To investigate the potential involvement of integrin ligation in MMP-9 upregulation, we examined MMP-9 levels in the Fbln5 RGE/RGE vagina by gelatin zymography. MMP-9 was increased significantly in vaginal tissues from Fbln5 RGE/RGE mice, which was comparable to levels in the Fbln5 -/-vagina (Figure 2A) . Interestingly, we did not detect differences in MMP-9 or MMP-2 between WT and Fbln5 RGE/RGE mice in other elastogenic tissues, including the aorta and skin (data not shown). Incubation with aminophenylmercuric acetate (APMA), a chemical activator of MMP-9, revealed that the increased MMP-9 predominantly consisted of the proform (Supplemental Figure 3) . Transcript levels of Mmp9, Mmp2, and their endogenous inhibitors, Timp1 and Timp2, were not statistically different among WT, Fbln5 -/-, and Fbln5 RGE/RGE vaginas, suggesting that the increased MMP-9 reflected posttranscriptional regulation ( Figure 2B ). We also confirmed the increase of MMP-9 in the vaginal tissues by Western blot analysis using an anti-MMP-9 proenzyme antibody ( Figure 2C and To identify the cell type responsible for the increased MMP-9, we performed in situ zymography using DQ gelatin as substrate. Intense fluorescence was observed throughout the stroma of the vaginal wall in the Fbln5 -/-and Fbln5 RGE/RGE vagina, and this activity was completely blocked by phenanthroline, an inhibitor of MMP ( Figure 2D ). Increased MMP-9 activity did not appear to be predominantly from macrophages because the number of CD68-positive cells was comparable between WT and Fbln5 -/-vaginal tissues (data not shown). These data indicate that fibulin-5 regulates MMP-9 expression at a posttranscriptional level via the RGD motif and that this regulation takes place in a cell-and tissue-specific manner.
Fibulin-5 controls MMP-9 via its RGD motif in vaginal stromal cells. Fibulin-5 has been shown to bind subsets of cell surface integrins, including α v β 3 , α v β 5 , α 4 β 1 , and α 5 β 1 , and mediate substrate binding of vascular cells (28, 29) . Interestingly, binding of fibulin-5 to α 5 β 1 integrin, a primary fibronectin receptor, blocks fibronectin-mediated activation of β 1 integrin, actin fiber formation, and focal adhesions (29) . Since fibronectin has been shown to upregulate proMMP-9 (30), we hypothesized that fibulin-5 fine-tunes ECM-mediated signaling by competing with signal-transducing ECM for integrin ligation and thus negatively regulates fibronectin-and integrin-mediated upregulation of MMP-9 in the vaginal wall. To test this hypothesis, we first determined whether fibronectin is a relevant ECM in the vaginal wall by immunostaining. Strong fibronectin immunoreactivity was observed in the vaginal stroma of WT, Fbln5 -/-, and Fbln5 RGE/RGE vaginas (Supplemental Figure 4A) . Next, we established primary vaginal stromal cells from P14-P21 WT and mutant mice, in which hormonal effects were negligible before sexual maturity. Immunostaining of WT, Fbln5 -/-, and Fbln5 RGE/RGE stromal cells with α-smooth muscle (α-SM) actin and vimentin confirmed that these cells were of mesenchymal origin (Supplemental Figure 4B and Supplemental Table 1 ). In contrast, staining with cytokeratin and CD68, markers for epithelial cells and activated macrophages, respectively, was negative, thus validating the purity of stromal cells. We then investigated integrin profiles by RT-PCR and confirmed that α 5 β 1 integrin was expressed in WT, Fbln5 -/-, and Fbln5 RGE/RGE stromal cells. No difference was observed in the expression of major integrins among genotypes (Supplemental Figure 4C) .
Using vaginal stromal cells in the first passage, we determined the effect of fibronectin on MMP-9 levels by gelatin zymography. Stimulation of WT cells with BSA (50 μg/ml) or fibronectin (50 μg/ml) for 24 hours did not upregulate MMP-9, whereas stimulation with TNF-α (10 ng/ml) was sufficient to induce MMP-9 ( Figure 3A ). In contrast, stimulation of Fbln5 -/-or Fbln5 RGE/RGE cells with fibronectin, but not BSA, fibulin-5, or laminin (data not shown), resulted in marked increases in MMP-9. Fibronectin-mediated upregulation of MMP-9 was inhibited by simultaneous incubation with fibulin-5, suggesting that fibulin-5 blocks the function of fibronectin in the mutant cells ( Figure 3B ). To determine whether MMP-9 upregulation is mediated by β 1 integrin, we treated Fbln5 -/-and Fbln5 RGE/RGE cells with an integrin β 1 integrin-blocking antibody (clone Ha2/5) and then stimulated the cells with fibronectin. While incubation with a nonspecific IgG did not affect MMP-9 levels (Supplemental Figure 5) , the β 1 integrin-blocking antibody clearly suppressed fibronectin-mediated MMP-9 upregulation in Fbln5 -/-and Fbln5 RGE/RGE cells ( Figure 3 , C and D). Incubation of fibronectin with RGD peptides also decreased MMP-9 levels, indicating that RGD-mediated fibronectin-integrin ligation is important for the MMP-9 increase ( Figure 3 , C and D). MMP-2 levels, in contrast, were unchanged by fibronectin stimulation. Taken together, these in vitro data show that (a) MMP-9 is upregulated by fibronectin via the β 1 integrin, and (b) fibulin-5 inhibits fibronectin-mediated MMP-9 upregulation in an RGD-dependent manner.
ROS upregulates MMP-9 levels in Fbln5 -/-and Fbln5 RGE/RGE stromal cells. We have recently shown that ligation of fibronectin with β 1 integrin leads to enhanced generation of ROS in Fbln5 -/-or Fbln5 RGE/RGE mouse embryonic fibroblasts (26) . Since ROS is known to increase proMMP-9 levels and to convert proMMP-9 to active MMP-9 by a nonproteolytic mechanism (30, 31), we reasoned that upregulation of MMP-9 (both pro-and active) in the Fbln5 -/-and Fbln5 RGE/RGE vaginal wall may be related to concomitant production of ROS and that ROS may be an upstream regulator of MMP-9 in mutant stromal cells. To test this hypothesis, we first examined ROS levels in the vaginal wall of young (6 week) Fbln5 -/-and . These results suggest that increased oxidative stress in the absence of fibulin-5-integrin interaction may be responsible, in part, for upregulation of MMP-9 in the mutant vaginal wall. Inhibition of LOX activity confers susceptibility to POP in Fbln5 RGE/RGE mice. Although MMP-9 is increased substantially in the vaginal wall of Fbln5 RGE/RGE mice, it appears that normal elastic fiber assembly protects these animals from prolapse development. In women, POP is associated with aging (33) . Since expression of elastic fiber-associated proteins decreases with age (34), it is conceivable that a loss of elastic fiber-associated proteins in connective tissues of the pelvic floor with aging may disrupt an optimal balance between synthesis and degradation of vaginal elastic fibers and lead to POP. To test this concept, we treated mice with β-aminopropionitrile (BAPN), a potent irreversible inhibitor of LOX (35) , to block de novo synthesis of elastic fibers and mature cross-linked collagen. WT (n = 3), Fbln5 RGE/+ (n = 6), and Fbln5 RGE/RGE (n = 7) mice were treated from 3 weeks of age (0.8% in drinking water, ad libitum) and mouse pelvic organ quantification (MOPQ) examinations were conducted weekly from 8 to 25 weeks of age. Since we did not detect statistically significant differences between WT and Fbln5 RGE/+ heterozygotes at any time point, we combined these 2 groups (presented as control animals in Figure 5A ). During the observation period, advanced prolapse (≥ stage 2) was not detected in any of the mice. Although this concentration of BAPN treatment resulted in increased perineal body length in both control and Fbln5 RGE/RGE mice, changes in Fbln5 RGE/RGE animals were more dramatic ( Figure 5A ). To confirm the effect of BAPN on collagen and elastic fiber formation, we quantified desmosine and hydroxyproline (HP) levels in vaginal tissues from control and BAPN-treated mice. BAPN treatment resulted in significant decreased HP content of the vaginal wall, and desmosine content also tended to be decreased ( Figure 5B ). Disruption of elastic fibers or reduction of collagen fibers in the vaginal wall of BAPN-treated Fbln5 RGE/RGE animals, however, was not detected at the light microscopy level (data not shown). These results suggest that disruption of de novo assembly of elastin and collagen fibers by BAPN confers susceptibility to subclinical prolapse in Fbln5 RGE/RGE animals.
Genetic ablation of Mmp9 in Fbln5 -/-mice attenuates prolapse formation. To further investigate the relevance of MMP-9 in prolapse development in vivo, we analyzed the ontogeny of MMP-9 activation in the vaginal wall of Fbln5 -/-mice during postnatal life. Whereas MMP-9 was increased in the vaginal wall of Fbln5 -/-mice after P24, MMP-9 was absent in WT animals during this time ( Figure 6A ). The results indicate that vaginal MMP-9, but not MMP-2, was increased in Fbln5 -/-mice postnatally during the time of sexual maturity, several weeks prior to the first phenotypic signs of POP (10-12 weeks).
To determine the importance of MMP-9 in the pathophysiology of POP in Fbln5 -/-mice, we generated mice deficient in both Mmp9 and Fbln5 (termed DKO). MOPQ examinations were conducted weekly in WT (n = 23), Fbln5 -/-;Mmp9 +/+ (n = 35), Fbln5 -/-;Mmp9 +/-(n = 42), and DKO (n = 25) mice for 1 year ( Figure 6B and Supplemental Table 2 ). The severity and time course of prolapse development were similar in Fbln5 -/-and Fbln5 -/-;Mmp9 +/-mice. Prolapse development, however, was ameliorated significantly in DKO animals ( Figure 6 , B and C). For example, at 36 weeks of age, 96% of Fbln5 -/-;Mmp9 +/+ females developed POP. Prolapse developed in only 42% of DKO females, suggesting that Mmp9 deficiency rescued the prolapse phenotype in approximately 60% of Fbln5 -/-animals (Supplemental Table 2 ). Skin laxity and tortuosity of the aorta were not rescued (data not shown). Next, we determined whether loss of MMP-9 was associated with improvement of elastic fibers or histomorphology of the vaginal wall. Hart's staining of transverse sections of the midvagina of rescued DKO females at 1 year of age revealed marked increases in elastic fiber density in subepithelial vaginal stroma compared with Fbln5 -/-animals, although each fiber was still short and disrupted ( Figure 6D ). This is consistent with the quantification of elastic fiber density ( Figure 6E ). Interestingly, elastic fibers in deep stroma near the muscle layers were comparable between Fbln5 -/-and DKO mice, indicating that MMP-9-mediated elastic fiber degradation was more prominent in superficial layers near the epithelium and that epithelial-stromal interactions may be important in regulation of MMP-9 in the vaginal wall.
To further evaluate the effect of loss of MMP-9 on morphology of collagen fibers in the vaginal wall, pentachrome and picrosirius red staining were performed. Whereas collagen bundles were thin, irregular, and disrupted in the vaginal wall of Fbln5 -/-mice, thick and continuous bundles were observed in the DKO vagina ( Figure 6D ). Quantification of collagen fibers performed on sections stained with picrosirius red was consistent with these data ( Figure 6F and Supplemental Figure 6 ). Taken together, MMP-9 ablation protected from progressive degradation of elastic fibers as well as collagen fibers in the vaginal wall of DKO animals, suggesting that integrity of the ECM is important for prevention of POP in vivo.
MMP-9 upregulation in the vaginal wall of women with POP. Finally, to determine the biological relevance of matrix proteases in human POP, we quantified transcript levels of MMP9 and MMP2 in the vaginal muscularis from the anterior vaginal wall apex in premenopausal asymptomatic controls, postmenopausal controls, and 53 women with POP (Supplemental Table 3 and Figure 7A ). Expression of MMP2 and MMP9 was more likely to be increased in women with POP (particularly postmenopausal women). Next, we performed gelatin zymography using vaginal muscularis from premenopausal women with or without POP (Supplemental Table 4 ). Since separation of pro-and active MMP-9 is difficult (data not shown), MMP-9 is used to signify total MMP-9 (both pro-and active forms). MMP-9 was increased in the vaginal muscularis of premenopausal women with prolapse compared with controls ( Figure 7 , B and C). Additional zymograms were conducted in the muscularis of postmenopausal women ( Figure 7D ). Although MMP-9 was increased 3.3-fold in premenopausal women with prolapse, MMP-9 was increased markedly in postmenopausal women with prolapse (23-fold; Figure 7E ). Although it is possible that increased expression of MMP-9 may be associated with the increased age of our cohort of menopausal women with prolapse, we compared expression of MMP-9 in the vaginal wall by zymography in 8 menopausal controls of less than 60 years with that of 4 menopausal women with prolapse also of less than 60 years. The results indicate that MMP-9 is increased significantly in the vaginal wall of relatively young menopausal women with prolapse (37,864 ± 30,943 vs. 526 ± 260 density units; P < 0.004, Mann-Whitney U), suggesting that increased MMP-9 is related to prolapse rather than age. Transcript levels for MMP9 were increased dramatically in the vaginal wall from 2 postmenopausal women, both of whom displayed increased levels of MMP-9 by zymography. Notably, however, increases in MMP-9 by zymography in premenopausal and 13 of 15 postmenopausal women with prolapse were not associated with increased MMP9 mRNA. These findings suggest that, like tissues from Fbln5 -/-mice, MMP-9 is regulated predominantly at the posttranscriptional level in the vaginal wall of women with prolapse and that protease activity may be a critical factor for disease progression in human POP. 
Discussion
In this study, we established a causative link between integrity of the vaginal wall and POP, which is determined by a balance between synthesis and degradation of ECM networks in the vaginal wall (Figure 8 ). We provided evidence that in the presence of compromised elastic fibers, MMP-9 plays a crucial role in progression of POP. We propose that fibulin-5 is a pivotal molecule with dual functions involving regulation of MMP-9 and assembly of elastic fibers in the vaginal wall. Although the RGD domain is not required for elastic fiber assembly, RGD-dependent fibulin-5-integrin interactions are critical for MMP-9 regulation, which in part involves suppression of ROS generation.
The role of integrins in the matricellular functions of fibulin-5. Initially, it was proposed that the RGD motif in fibulin-5 played a role in the final step of elastic fiber assembly by tethering polymerized elastin to surrounding cells (14, 28) . Subsequent biochemical studies, however, showed that fibulin-5 preferentially binds to the monomeric form of elastin and positively regulates coacervation, but negatively regulates maturation of coacervated elastin in vitro (18, 36) . Our present study provides genetic evidence that RGDdependent integrins are not directly involved in fibulin-5-mediated elastic fiber assembly in vivo. Takahashi et al. (37) used FN RGE/RGE mutant embryos to show that the RGD motif in the FN-III domain of fibronectin (i.e., the motif that interacts with α 5 β 1 or α v β 3 integrins) is dispensable for assembly of fibronectin fibrils, yet this interaction is essential for vascular development. The iso-aspartate-GR motif in FN-I 5 was shown to compensate for RGD-mediated binding to integrins. Therefore, we cannot rule out the possibilities that fibulin-5 uses other region(s) to bind integrins or that an alternative cell surface receptor exists to aid in the assembly of elastic fibers in Fbln5 RGE/RGE mutants.
In contrast to fibulin-5-mediated elastogenesis, fibulin-5-mediated suppression of MMP-9 is dependent on the RGD motif. These experiments thereby molecularly defined integrin-dependent and -independent functions of fibulin-5. Furthermore, our results suggest that regulation of MMP-9 through the RGD domain of fibulin-5 occurs in a tissue-specific manner. We speculate that although we did not detect upregulation of MMP-9 in quiescent adult aorta or skin of Fbln5 mutant mice, it is possible that acute or chronic injury may induce differential upregulation of matrix protease(s), where the composition of ECM may change during pathological insults.
It was previously reported that overexpression of fibulin-5 reduced metastasis of H460 lung cancer cells by inhibiting MMP-7 (25). This inhibitory effect was dependent on RGD-integrin interactions, which resulted in inhibition of phosphorylated ERK sig- Vaginas were harvested at indicated day and subjected to gelatin zymography. Note an increase in MMP-9 activity in the mutants at 24 days of age but not in WT. PC, adult KO vagina serves as a positive control. In WT gel, first 11 lanes were run on the same gel but were not contiguous. naling and transcriptional downregulation of MMP-7. Interestingly, the mechanisms by which fibulin-5 suppresses MMP-9 in the vaginal wall appear to be different because increases in MMP-9 in the Fbln5 -/-or Fbln5 RGE/RGE vagina do not involve upregulation of Mmp9 mRNA. Fibronectin-mediated upregulation of MMP-9 has been shown to be mediated via α 5 β 1 integrin in vitro (23, 38) . Our in vitro data show that fibronectin-mediated increases in MMP-9 (a) occurred in the absence of fibulin-5 and (b) were suppressed by fibulin-5, and (c) that fibulin-5 itself had no effect on baseline levels of MMP-9 in vaginal stromal cells. These results are consistent with previous observations in which fibulin-5 competes with fibronectin for β 1 integrin binding and binding of fibulin-5 to β 1 integrins does not lead to activation (29) . We also showed that the absence of fibulin-5 enhances ROS levels in response to fibronectin in mouse embryonic fibroblasts (26) . Since ROS is a known activator of proMMP-9 (39), it is conceivable that increases in ROS levels account for increases in active MMP-9 in the Fbln5 mutant vagina. Taken together, our data suggest that fibulin-5 functions to antagonize an overall increase of pro-and active MMP-9 induced by fibronectin-integrin interactions in the vaginal wall.
Loss of homeostasis of ECM and POP in mice and humans.
Vaginal tissue remodeling is a continuous process and represents a delicate balance between matrix synthesis and breakdown. This balance is necessary to maintain integrity of the tissue during reproduc- tive cycles and after parturition. Although Fbln5 RGE/RGE female mice display a unique biochemical phenotype, these animals were rescued from prolapse development, indicating that the presence of intact elastic fibers is protective for development of POP in vivo. Inhibition of LOX activity by BAPN in Fbln5 RGE/RGE mice, however, resulted in a statistically significant increase in perineal body length compared with BAPN-treated WT animals (P < 0.01). Since Fbln5 RGE/RGE mice exhibit subclinical levels of POP phenotype without histological abnormalities, this suggests that elastic and collagen fibers synthesized prior to administration of BAPN may be sufficient to protect from matrix degradation even in the presence of elevated MMP-9. Interestingly, our studies in DKO mice indicate that abnormal elastic fibers alone are insufficient for full development of the prolapse phenotype. Rather, matrix proteases, together with abnormal elastic fibers, appear to play important roles in loss of pelvic organ support.
Alterations in the vaginal ECM are shown in women with POP, and several studies have reported increased levels of matrix metalloproteases in advanced POP (40, 41) . Our observations of age-dependent worsening of prolapse in Fbln5 -/-mice and marked attenuation of prolapse in the absence of MMP-9 in Fbln5 -/-mice lead to the conclusion that defective elastic fiber synthesis together with proteolytic degradation of ECM plays a critical role in development of POP in vivo. Indeed, we observed marked improvement of elastic fiber density as well as collagen fiber bundles in lamina propria of the DKO vaginal wall. This indicates that progressive degradation of ECM is a deteriorating factor for prolapse in Fbln5 -/-mice. Surprisingly, approximately 40% of DKO mice were not rescued from POP. Since we observed upregulation of caseinolytic serine proteases in the Fbln5 -/-vagina (our unpublished observations), it is possible that matrix proteases other than MMP-9 contribute to degradation of the ECM in connective tissues of the pelvic floor. Nevertheless, our studies provide what we believe is a novel concept, that POP is an acquired matrix disease that results from disruption of the integrity of the vaginal wall, which is contiguous with its supportive connective tissue.
Therapeutic implications. Our study unexpectedly highlights the role of vaginal stromal cells, characterized by α-SM actinand vimentin-positive cells of mesenchymal origin, in contributing to the synthesis and secretion of MMP-9 in the vaginal wall. Since (a) stromal cells express both estrogen receptor isoforms (42), (b) timing of MMP-9 induction in the Fbln5 -/-vagina coincides with initiation of estrus cycling in mice, and (c) estradiol is known to induce fibronectin production in vitro (43, 44) , estrogen-induced initiation of vaginal remodeling may be important in the initiation of prolapse in mice. Although upregulation of MMP-9 in Fbln5 -/-vagina depends on fibronectinintegrin interactions and consequent production of ROS in the vaginal wall, it is also plausible that remodeling of the vaginal wall during estrogen withdrawal or with antiestrogen therapy may exert adverse effects through upregulation of MMP-9 (45) and loss of the antioxidant function of estrogen (46, 47) . In addition, oxidative modification of elastin has been shown to reduce its binding ability to elastic fiber-associated proteins, including fibulin-4, fibulin-5, and fibrillin-2, leading to compromised elastic fiber assembly (48) . Thus, MMP-9 inhibitors, together with antioxidants, may result in prevention (or amelioration) of prolapse in Fbln5 -/-mice. Alternatively, strengthening of the ECM network with estrogen while controlling ROS levels by antioxidants or MMP-9 inhibitors may be effective. Our present studies provide the rationale for matrix protease-targeted therapy in women at risk for POP and warrant further investigation.
Methods
Mice. Two strains of Fbln5 -/-mice were used in this study. The C18-6 line was generated as previously described (14), and 3H and 8F lines were generated by germline deletion of Fbln5 in mice heterozygous for a conditional allele of Fbln5 using CAG-Cre deleter transgenic mice (49) , then mated to generate homozygous mice. Generation of mice carrying a conditional allele of Fbln5 is described elsewhere. Both lines showed identical phenotypes of systemic elastic fiber defects (data not shown). Mmp9 -/-mice were purchased from Jackson Laboratories (FVB.Cg-Mmp9 tm1Tvu /J) and crossed with Fbln5 +/-mice to obtain double-heterozygous mice, which were subsequently intercrossed to obtain Fbln5 -/-;Mmp9 -/-double homozygous mice (DKO). Littermates with Fbln5 -/-;Mmp9 +/+ or Fbln5 -/-; Mmp9 +/-genotypes were used as controls in the prolapse study. Animals were assessed for POP weekly by examiners blinded to genotype. WT or heterozygous mice from the same litter were used as controls in other experiments. All mice were kept on a 12-hour light/12-hour dark cycle under specific pathogen-free conditions, and animal experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committees of the University of Texas Southwestern Medical Center.
Figure 8
Schematic presentation of the dual role of fibulin-5 in prevention of POP. In WT mice, fibulin-5 controls assembly of elastic fibers (in an RGD-independent manner) and MMP-9 activity (in an RGD-dependent manner) in the vaginal wall and prevents development of POP. In the absence of fibulin-5 (Fbln5 -/-), elastic fibers are disrupted and MMP-9 activity is upregulated through increased fibronectin-integrin (FN-β1) interactions and generation of ROS in vaginal stromal cells. Upregulation of MMP-9 activity is important in the pathogenesis of prolapse because deletion of MMP-9 results in significant rescue of the prolapse phenotype. In the presence of RGE mutation (Fbln5 RGE/RGE ), upregulation of MMP-9 itself was not sufficient to cause POP due to a presence of intact elastic fibers; however, inhibition of LOX activity by BAPN together with the increased MMP-9 led to subclinical POP. Blue and red arrows indicate normal and abnormal conditions, respectively.
Gene targeting and genotyping.
A Fbln5RGE-knockin vector was generated using the pGKNEO-lox2-DTA.2 vector containing a neomycin resistance cassette (Neo) flanked by loxP sites and a diphtheria toxin (DTA) gene cassette. A 3.6-kb BamHI-EcoRI fragment containing exon 4 of Fbln5 was isolated from 129SvEv mouse Lambda FIX II library (Stratagene). D56E mutation was introduced in exon 4 by site-directed mutagenesis (QuickChange Site-Directed Mutagenesis Kit; Stratagene), and a new EcoRI site was generated downstream of exon 4. The arms contained a total of approximately 7.3 kb of homologous regions. The vector DNA was linealized with NotI and electroporated into SM-1 ES cells as previously described (50) . After positive and negative selection with G418 (250 μg/ml) and DTA, 480 clones were subjected to screening by Southern blot analysis using EcoRI-digested genomic DNA hybridized with a 5′ or 3′ probe. Two ES cell clones showed correct recombination and were expanded and injected into blastocysts obtained from C57BL/6 females. Chimeras derived from each ES cell line gave germline transmission, and heterozygous mice were mated with CAGCre deleter transgenic mice to remove the Neo cassette, which resulted in generation of Fbln5RGE allele (Fbln5 RGE ). Absence of Neo was confirmed by PCR (forward 5′-TATTCGGCTATGACTGGGCACAACAG-3′ and reverse 5′-TTCCACCATGATATTCGGCAAGCAGG-3′). Subsequent genotyping was performed by PCR (forward 5′-GACCTGGACCGCCAGTCAGG-3′, and reverse 5′-CCACTGTGGTTGAGATCTTCAGGATC-3′) to distinguish approximately 900-bp WT and approximately 930-bp mutant bands.
Histology and immunohistochemistry. Vaginal tissues were dissected and fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 5-μm intervals. For cryosections, tissues were embedded in OCT and frozen in liquid N2, and 10-μm sections were prepared. H&E staining was performed for routine histology, Hart's stain for elastic fibers, and Masson's trichrome, pentachrome, or picrosirius red stains for visualization of collagen fibers. For immunostaining on paraffin-embedded sections, tissues were deparaffinized in xylene, followed by a graded series of ethanol exchanges, and rehydrated in PBS containing 0.1% Tween (PBST). For immunostaining on cryosections, specimens were fixed in 4% paraformaldehyde/PBS or acetone for 15 minutes at room temperature (RT). Both frozen and paraffinembedded sections were blocked in 1% BSA/2% normal goat serum (NGS) or 3% BSA in PBST for 1 hour at RT. Primary antibodies were diluted in 1% BSA/2% NGS and incubated overnight at 4°C or for 1 hour at 37°C. After washing 5 times in PBST, sections were incubated with FITC or Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (1:500, Vector Laboratories; Invitrogen) or Alexa Fluor 594-conjugated goat anti-mouse secondary antibody (1:500; Invitrogen) for 1 hour at RT. After washing with PBST, sections were mounted in Vectashield with DAPI (Vector Laboratories) and viewed using a fluorescence microscope (DMRXE; Leica). Antibodies used in this study were as follows: anti-fibulin-5 (BSYN 1923, 1:500; ref. 14) and anti-nitrotyrosine (1:500; Millipore).
Morphometric analysis. Images were captured using Leica DM2000 under identical conditions, including camera exposure and microscope illumination. Morphometric analysis was performed using ImageJ software (http://rsbweb.nih.gov/ij/) (NIH) by a blinded examiner. Elastic fiber area was assessed on Hart's stained vaginal cross sections using 4-6 images from each Fbln5 -/-(n = 6) and DKO (n = 6) mouse. All sections were set to a consistent threshold limit, and the values were calculated as average elastic fiber pixel area in the vaginal stroma. For collagen fiber analysis, vaginal cross sections stained with picrosirius red were used. Three images from each Fbln5 -/-(n = 4) and DKO (n = 6) mouse were analyzed. All sections were set to a consistent threshold limit, and the values were calculated as percentage of collagen pixel area over total vaginal stromal area.
Gelatin zymography. Vaginal tissues were pulverized and homogenized in Tris buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM CaCl2) containing 0.1% Triton-X 100. Homogenates were centrifuged at 10,000 g for 15 minutes at 4°C. Protein concentration in supernatants was determined using a Bradford protein assay kit (Bio-Rad). Protein samples were prepared by mixing with nonreducing sample loading buffer without boiling. Samples were electrophoretically separated in 10% SDS-polyacrylamide gels containing gelatin (1 mg/ml; Sigma-Aldrich). After separation, gels were placed in 2.5% Triton X-100 in water for 1 hour, then gelatinases were activated by overnight incubation in 50 mM Tris-HCl, pH 8.0, and 5 mM CaCl2 at 37°C. Under these conditions, gelatinase activity was linear with time and protein loading. Gels were stained with 0.5% Coomassie blue R250 and then destained with a 10% acetic acid, 30% methanol solution until the gelatinolytic bands were visible.
Cell culture. Primary stromal cells were isolated from vaginal tissues harvested from P14-P21 virgin mice. After bladder, uterus, and cervix were removed, vaginal tissues were rinsed in penicillin-streptomycin solution (Invitrogen) and incubated in HEPES-trypsin solution containing collagenase (2 mg/ml; Roche) and DNase (0.3 mg/ml; Roche) at 37°C for 15 minutes. Vaginas were then cut open and the epithelium was scraped off. Remaining stromal tissues were minced and incubated in a collagenase/DNase solution for 2 hours at 37°C with gentle shaking. Cells were pelleted at 390 g for 3 minutes, washed in HEPES buffer 2 times, and resuspended in DMEM containing 15% FBS, 1% penicillin-streptomycin (Invitrogen). After first passage, medium was changed to DMEM containing 10% FBS (designated as P1 cells). For confirmation of the cell types, P1 stromal cells were plated in a chamber slide (Lab-TEK II, NUNC) at a density of 15,000 cells/ml and subjected to immunostaining. Cells were fixed in acetone or 4% paraformaldehyde for 10 minutes on ice or at RT, respectively, then washed in TBST (10 mM Tris-HCl, pH 7.5, 0.15 mM NaCl, and 0.1% Tween 20) for 5 minutes for 3 times and blocked with 1% BSA/2% NGS for 1 hour at RT. Cells were incubated with anti-pan cytokeratin (1:500; Sigma-Aldrich), anti-α-SM actin (1: 500; SigmaAldrich), anti-CD68 (1:150; Serotec), or anti-vimentin (1:500; Sigma-Aldrich) for 1 hour at 37°C and incubated with appropriate secondary antibodies, including Alexa Fluor 594-conjugated goat anti-mouse secondary antibody (1:500; Invitrogen) or Alexa Fluor 488-conjugated goat anti-rat secondary antibody (1:500; Invitrogen). After washing with PBS, sections were mounted in Vectashield with DAPI (Vector Laboratories) and viewed using a fluorescence microscope (DMRXE; Leica). P1 cells were used in gelatin zymography. Stromal cells (50,000 cell/ml) were plated in a 12-well culture dish and kept in regular media for 24 hours, then changed to 0.3 ml of serum-free media and incubated for 24 hours. 50 μg of BSA (Fisher) or fibronectin (MP Biomedicals) dissolved in PBS was added to the media and incubated for 24 hours, then 40 μl of conditioned media was collected and subjected to gelatin zymography. Stromal cells were also incubated with recombinant fibulin-5 (10 μg/ml), β1 integrin-blocking antibody (Ha2/5, 10 μg/ml; BD Biosciences -Pharmingen), and RGD peptide (200 nM).
Immunoblot analysis. Vaginal tissues were homogenized in RIPA buffer and 10-20 μg of total protein subjected to 10% SDS-PAGE. After electrophoresis, proteins were transferred to PVDF membrane for 2 hours at 4°C. PVDF membranes were incubated with primary antibody for 1 hour at RT. Membranes were then washed with TBST 3 times. Thereafter, the blots were incubated with a horseradish peroxidase-conjugated secondary antibody (1:2500, Bio-Rad) at RT for 1 hour. The membranes were incubated with luminol chemiluminescence reagent (Santa Cruz Biotechnology Inc.). Antibodies against MMP-9 proenzyme (4 μg/ml, gift from Eunice Lee and Peter Roughley, Shriners Hospital for Children, Montreal, Quebec, Canada) and GAPDH (1:3000, Cell Signaling) were used.
Tissue acquisition and processing. Vaginal tissues were obtained from women undergoing hysterectomy for benign gynecologic conditions other than POP or stress urinary incontinence and from 53 women having pelvic reconstructive surgery for POP. After cross-clamping of the vaginal apex and removal of the uterus, a full-thickness tissue specimen was obtained from the anterior vaginal apex. For patients undergoing colpocleisis procedures, the anterior vaginal apex was identified and a tissue specimen containing both vaginal epithelium and muscularis was removed. Women with conditions known to be associated with high metalloprotease activity (i.e., severe endometriosis/adenomyosis, rheumatoid arthritis, or cervical neoplasias) were excluded. Women with POP were staged using the POP quantification scoring system (51) , and women with prolapse of the anterior compartment were used in this study. Women in the control group underwent preoperative evaluation, including a pelvic examination to evaluate for the presence of prolapse, but formal staging was not performed. Vaginal muscularis was meticulously dissected free of vaginal epithelium (surgical mucosa) and was either snap frozen in liquid N2 or fixed in RNA-Later (Ambion Technologies). Tissues were obtained with informed consent under a protocol approved by the Institutional Review Board of the University of Texas Southwestern Medical Center. Specimens that were normally discarded as surgical waste were obtained under an exempt protocol also approved by the Institutional Review Board of the University of Texas Southwestern Medical Center.
Real-time quantitative PCR. Quantitative PCR (qPCR) was used to determine the relative levels of Mmp9, Mmp2, Timp1, Timp2, in mouse vaginal tissues of indicated genotypes or in human vaginal tissues. Mouse tissues were pulverized and homogenized in Trizol reagent (Invitrogen). RNA was isolated according to manufacturer's protocol. In the case of human tissues, tissues were minced and homogenized in 4 M guanidinium isothiocyanate buffer and layered over 5.7 M cesium chloride and centrifuged overnight at 237,000 g to extract RNA. RNA concentration was measured, and purity was confirmed by spectroscopy. cDNA synthesis was carried out with 2 μg of total RNA in a reaction volume of 20 μl. Each reaction contained 10 mM DTT, 0.5 mM deoxynucleotide triphosphates (dNTPs), 0.015 μg/μl random primers, 40 U RNase inhibitor (Invitrogen), and 200 U reverse transcriptase (Invitrogen). PCR reactions were carried out in an ABI Prism 7000 sequencedetection system (Applied Biosystems). The reverse transcription product from 50 ng RNA was used as template, and reaction volumes (15 μl) contained Master Mix (Applied Biosystems). Primer concentrations were 900 nM. Cycling conditions were as follows: 2 minutes at 50°C, followed by 10 minutes at 95°C; then 40 cycles of 15 seconds at 95°C, and 1 minute at 60°C. SYBR Green was used for amplicon detection. Gene expression was normalized to expression of the housekeeping gene β-2 microglobulin (B2m) or 18S (Applied Biosystems). A preprogrammed dissociation protocol was used after amplification to ensure that all samples exhibited a single amplicon. Levels of mRNA were determined using the ddCt method (Applied Biosystems) and expressed relative to an external calibrator present on each plate. Primer sequences are listed in Supplemental Table 5 .
Administration of BAPN. Control and Fbln5 RGE/RGE females were treated with LOX inhibitor BAPN (Sigma-Aldrich) (0.8% in drinking water, ad libitum) from P21 until 24 weeks of age. Perineal body length and perineal bulge height were measured weekly using an MOPQ system in a blinded manner to evaluate the progression of POP (10) . At the end of 24 weeks, gross photographs were taken, and the aorta, vagina, bladder, and uterus were harvested for morphological and biochemical analysis.
Quantification of desmosine and HP. Elastic fiber content was assessed by radioimmunoassay for desmosine, an elastin-specific cross-link. Briefly, vaginal tissues were hydrolyzed in 6 N HCl at 100°C for 24 hours, and an aliquot was evaporated to dryness and dissolved in 100 μl of H2O, then vortexed, microfuged, and assayed for desmosine (52) . HP was measured to evaluate the content of collagen fibers in vaginal tissues by colorimetric assays as previously described (53) .
In situ zymography. Gelatinase activity was detected by using FITC-labeled DQ gelatin (Molecular Probes). Briefly, 10-μm frozen sections were equilibrated at RT and rinsed with PBS. Specimens were overlaid with solution containing 100 μg/ml of FITC DQ gelatin in Tris buffer (50 mM Tris-HCl, pH 8.0, 5 mM CaCl2) and incubated for 2 hours at 37°C. The sections were incubated in the presence of the metalloproteinase inhibitor phenanthroline (1 mM; SigmaAldrich). After washing with PBS, sections were mounted in Vectashield with DAPI (Vector Laboratories) and viewed using a fluorescence microscope.
ROS detection. Vaginal tissues from mice were dissected, OCT embedded, and frozen in liquid N2. Frozen vaginal tissue sections (10 μm) were mounted on glass slides, rinsed with PBS, and incubated in 50 μl of 5 μM DHE (Molecular Probes), cover slipped, and incubated in a humidified incubator for 30 minutes at 37°C. Then slides were DAPI stained and mounted. Nuclear red fluorescence was visualized and images captured using a fluorescence microscope (DMRXE).
Electron microscopy. Aortae were harvested following cardiac perfusion and fixed in fixative (3% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4) overnight at 4°C. After extensive washing in 0.1 M sodium cacodylate buffer, the aortas were sequentially treated with osmium tetroxide, tannic acid, and uranyl acetate, then dehydrated and embedded in Epon as previously described (54) . Thin sections (60 nm) were counterstained with methanolic uranyl acetate and lead citrate and viewed using a Tecnai 12 transmission electron microscope at 120 kV.
Statistics. Differences between 2 groups were determined using the 2-tailed Student's t test. Differences among 3 or more genotypes were assessed using ANOVA followed by Bonferroni's method for post hoc pairwise multiple comparisons. Differences in prolapse development among WT, KO, or DKO mice were determined using a log rank survival analysis. A χ 2 analysis was used to examine differences in MMP2 and MMP9 RNA levels in human vaginal tissues. P < 0.05 was considered statistically significant.
